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SUMMARY 

An i n v e s t i g a t i o n  of  t he  effects of  a gas je t  s imula t ing  a t u r b o j e t  engine 
exhaust  blowing above a cambered and twis ted  arrow wing has been conducted i n  t he  
Langley 4-foot supersonic  p re s su re  tunne l  a t  a Mach number o f  2.0. 
s u r e  r a t i o s  from 1 ( j e t  o f f )  t o  as high as  64 were tested w i t h  both helium and a i r  
used as j e t  gases. 
a t  a Reynolds number o f  9.84 x IO6 per  meter. 
wing were measured. 

Nozzle pres-  

The tests were conducted a t  a n g l e s  o f  attack from -2O t o  80 
Only t h e  f o r c e s  and moments on t h e  

The r e s u l t s  o f  t he  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  t h e  j e t  blowing over  t h e  wing 
caused r educ t ions  i n  maximum l i f t -drag r a t i o  
helium and 6 percent  f o r  a i r  a t  t h e i r  r e s p e c t i v e  des ign  nozz le  p re s su re  r a t i o s ,  
r e l a t i v e  t o  j e t - o f f  data. Moderate changes i n  the  l o n g i t u d i n a l ,  v e r t i c a l ,  or 
angu la r  p o s i t i o n s  of  t h e  j e t  r e l a t i v e  t o  t h e  wing had l i t t l e  effect  on t h e  wing 
aerodynamic characterist ics.  

(L/D)max of  about  4 percent  for 

INTRODUCTION 

The Nat ional  Aeronaut ics  and Space Adminis t ra t ion has made ex tens ive  s t u d i e s  
o f  conf igu ra t ions  s u i t a b l e  f o r  a p p l i c a t i o n  as supersonic  c r u i s e  v e h i c l e s .  A p a r t  
of these s t u d i e s  has been directed toward providing h igh  l i f t  a t  low speeds.  One 
approach has been t o  i n c r e a s e  t he  l i f t  by d i r e c t i n g  t h e  h igh-ve loc i ty  exhaust  
from forward-mounted engines  above t h e  upper su r face  of t h e  wing and f laps .  An 
a d d i t i o n a l  b e n e f i t  expected from t h i s  engine arrangement is  reduced no i se  on the  
ground because of t h e  s h i e l d i n g  of  t h e  engine exhaust  by t h e  wing. The r e s u l t s  
of  i n v e s t i g a t i o n s  a t  low speeds o f  conf igu ra t ions  employing engines  mounted above 
the  wing f o r  upper s u r f a c e  blowing are repor ted  i n  r e f e r e n c e s  1 and 2.  I n  addi-  
t i o n ,  r e f e r e n c e s  3 and 4 examine t h e  e f f e c t s  on cruise  drag  of  conf igu ra t ions  w i t h  
n a c e l l e s  above the  wing a t  high subsonic  and t r a n s o n i c  speeds.  

One o f  t h e  e a r l y  proposa ls  f o r  an over-the-wing-blowing engine i n s t a l l a t i o n  
on a supersonic  t r a n s p o r t  conf igu ra t ion  cons i s t ed  of  engines  mounted on canards  
ahead of the  wing. There w a s  some concern t h a t  t h e  b e n e f i c i a l  effects  on l i f t  
a t  low speeds would be accompanied by a degrada t ion  of  performance a t  supersonic  
speeds.  

The purpose of t h e  p resen t  i n v e s t i g a t i o n  was t o  determine t h e  effects on wing 
performance a t  supersonic  speeds o f  an engine exhaust  j e t  s imula to r  mounted forward 
of a wing and blowing above its upper su r face .  The v a r i a b l e s  i n v e s t i g a t e d  were 
a n g l e  of at tack, nozz le  p re s su re  r a t i o ,  j e t  l o c a t i o n  ( v e r t i c a l l y  and long i tud i -  
n a l l y ) ,  and angle  of t h e  j e t  r e l a t i v e  t o  t h e  wing des ign  plane.  I n  a d d i t i o n ,  t he  
effects o f  s imula t ing  the  engine exhaust  j e t  w i t h  both high-pressure helium and 
high-pressure a i r  were i n v e s t i g a t e d .  

I -  - 



SYMBOLS 

The models were cons t ruc t ed ,  wind-tunnel measurements t aken ,  and data reduced 
by us ing  the  U.S. Customary System of Units .  Data are presented  i n  t he  SI  System 
of Units .  
P i t ch ing  moment is referenced  t o  a p o i n t  on the wing r o o t  chord 27.3 cm from the  
wing apex. The symbols are def ined  as fo l lows:  

The f o r c e  and moment data are referred t o  t h e  s t a b i l i t y  axis  system. 

span,  55.48 c m  

drag c o e f f i c i e n t ,  Drag/qS 

l i f t  c o e f f i c i e n t ,  L i f t / qS  

pitching-moment c o e f f i c i e n t ,  P i t ch ing  moment/qSc 

w i n g  mean aerodynamic chord,  33.02 c m  

diameter, cm 

l i f t - d r a g  r a t i o ,  CL/CD 

Mach number 

j e t  t o t a l  p re s su re ,  Pa  

nozz le  p re s su re  r a t i o  

free-stream s ta t ic  p res su re ,  Pa  

free-stream dynamic p res su re ,  Pa  

wing area, h a l f  -span model, 0.0687 m2 

j e t  v e l o c i t y ,  m/sec 

mass rate of f low,  kg/sec 

volume flow rate ,  m3/sec 

d i s t a n c e  a long  span,  cm 

ang le  o f  a t tack,  deg 

r a t i o  of  s p e c i f i c  heats 

gas d e n s i t y ,  kg/m3 

Subsc r ip t s :  

j e t  cond i t ions  i n  f u l l y  expanded j e t  

max maximum 
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TURBOJET EXHAUST SIMULATION 

A t u r b o j e t  engine exhaust  is t y p i c a l l y  a high-temperature ,  h igh-ve loc i ty  gas 
j e t ,  w i t h  i n i t i a l  plume shape and gas-flow rate determined by nozz le  geometry and 
ope ra t ing  cond i t ions .  I d e a l l y ,  f o r  a wind-tunnel tes t ,  the  engine exhaust  j e t  
would be modeled by d u p l i c a t i n g  the  gas d e n s i t y ,  p r e s s u r e ,  and temperature ,  match- 
i n g  t h e  nozzle  i n t e r n a l  and e x t e r n a l  geometry, and ope ra t ing  the  wind tunnel  so 
t h a t  the  exhaust  j e t  plume shape,  v e l o c i t y ,  and gas-flow rate were dup l i ca t ed .  
For the  p resen t  i n v e s t i g a t i o n ,  where t h e  j e t  pas ses  above the  upper wing surface, 
t he  je t '  v e l o c i t y  as  w e l l  as the  i n i t i a l  plume shape and gas-flow rate were expected 
t o  have the  most s i g n i f i c a n t  effects on the  wing aerodynamic characterist ics.  

Jet v e l o c i t y ,  which is a func t ion  o f  gas tempera ture ,  is  one o f  t h e  more d i f -  
f i c u l t  parameters t o  match, g e n e r a l l y  r e q u i r e s  some type  o f  hot-gas g e n e r a t o r ,  and 
is  accompanied by problems o f  t unne l  contaminat ion,  co r ros ion ,  and hazardous oper- 
a t i n g  condi t ions .  Because of  t h e s e  problems, t h e  use o f  an unheated gas i n  t he  
j e t  s imula t ion  would cons iderably  s impl i fy  the i n v e s t i g a t i o n .  Reference 5 c o n t a i n s  
t h e  r e s u l t s  o f  a s tudy  conducted t o  design wind-tunnel experiments f o r  je t -on  
effects a t  both subsonic  and supersonic  speeds.  Although the  s tudy  w a s  p r imar i ly  
concerned w i t h  rocke t  exhaus ts ,  much of  the informat ion  is a p p l i c a b l e  t o  t u r b o j e t  
exhaus ts .  One of  t h e  conclus ions  of  t h e  s tudy  was t h a t  ambient temperature  helium 
could e f f e c t i v e l y  s imula te  a rocke t  exhaust  w i t h  t o t a l  temperature  on t h e  o rde r  of 
1100 K ,  which is i n  t h e  range of  t u r b o j e t  exhaust  temperatures .  Thus, by us ing  
ambient temperature helium, t h e  t u r b o j e t  exhaust  v e l o c i t y  can be s imula ted ,  and 
t h e  i n t e r n a l  geometry o f  t he  nozzle  can be designed so t h a t  t he  i n i t i a l  j e t  plume 
shape and flow rate can be s imulated i n  the  wind tunnel .  

Another gas which is f r equen t ly  used f o r  t u r b o j e t  exhaust  s imula t ion  is co ld  
a i r .  One of  its p r i n c i p a l  drawbacks i n  s imula t ing  a j e t  exhaust  i n  a wind tunnel  
a t  Mach 2.0 is t h a t  t h e  maximum j e t  v e l o c i t y  a t t a i n a b l e  is  no t  much greater than 
t h e  free-stream v e l o c i t y .  However, a i r  has  t h e  advantages o f  being p l e n t i f u l  and 
inexpensive and is without  t he  disadvantage of  tunnel ,  contaminat ion which occurs  
w i t h  helium. And, l i k e  t h e  nozz le  designed f o r  helium, the  nozz le  designed f o r  
a i r  can d u p l i c a t e  t h e  i n i t i a l  plume shape and flow rate of  t h e  t u r b o j e t  exhaus t .  

MODEL AND APPARATUS 

Sketches of  t h e  t e s t  se tup  are presented  i n  f i g u r e  1 .  A semispan wing model 
w a s  attached t o  a four-component s t ra in-gage  ba lance  set  i n  a h o r i z o n t a l  s p l i t t e r  
p la te  which w a s  i n  t u r n  mounted t o  the  permanent t unne l  s t i n g .  To prevent  f o u l i n g ,  
a gap o f  0.025 t o  0.037 c m  w a s  maintained between the  wing r o o t  and t h e  s p l i t t e r  
p la te ,  except  where the wing s t u b  was a t t ached  t o  t he  balance.  Boundary-layer 
t r a n s i t i o n  on the  wing was f i x e d  by a s t r i p  of  no. 60 carborundum g r i t  l oca t ed  
n e a r  t h e  l ead ing  edge. 

The nonmetric je t - f low model was r i g i d l y  attached t o  t he  s p l i t t e r  p l a t e  and 
connected t o  t h e  high-pressure g a s  s u p p l i e s  through a f i t t i n g  on the  underside o f  
the sp l i t t e r  p l a t e .  A thermocouple loca t ed  w i t h i n  t h i s  f i t t i n g  measured the  gas 
temperature  whi le  a t o t a l  p re s su re  tube  loca ted  i n  the  s imula to r  j u s t  forward o f  
t h e  nozz le  measured je t  t o t a l  pressure .  The extended a x i s  of  t he  je t - f low model 
nozz le  passed over the  wing a t  a spanwise l o c a t i o n  o f  0.247y/(b/2). 

3 

I 



Angle o f . a t t a c k  f o r  t h e  wing and je t - f low model w a s  va r i ed  by yawing t h e  
Angle of attack was measured dur ing  tunne l  

. 
s t i n g - s p l i t t e r  plate combination. 
ope ra t ion  by observing a prism mounted i n  t he  wing through a spectrometer .  

Details o f  t he  wing are shown i n  f i g u r e  2. The semispan wing model is  a n  
arrow wing w i t h  a leading-edge sweep ang le  o f  70°. 
arc a i r f o i l  s e c t i o n  from r o o t  t o  t i p .  The wing is t w i s t e d  and cambered f o r  a 
des ign  l i f t  c o e f f i c i e n t  o f  0.08 a t  a Mach number o f  2.0. 
as wing 2 o f  r e f e r e n c e  6 ,  and detai ls  of  t h e  camber s u r f a c e  o r d i n a t e s  may be found 
i n  t h a t  r e fe rence .  

It has a 3-percent c i r c u l a r -  

This  wing is the  same 

Details of  t h e  canard,  flow-through n a c e l l e ,  je t - f low model, and the  v a r i o u s  
nozz le s  used i n  the  test  are shown i n  f i g u r e  3. The canard and flow-through 
n a c e l l e  models were included i n  the  test  program t o  determine t h e  effect  of  t h e  
i n d i v i d u a l  components o f  t he  je t - f low model on the  wing aerodynamic characteris- 
t i c s .  The e x t e r n a l  l i n e s  of  the  canard and canard suppor t s  f o r  t h e  flow-through 
n a c e l l e  and je t - f low model were i d e n t i c a l .  The convergent-divergent r eg ions  o f  
the  primary, can ted ,  and extended nozz les  were a l s o  i d e n t i c a l .  Design of  t h e  j e t  
s imula tor  used i n  these tests included t h e  fo l lowing  parameters: mass rate of  
flow, which can be scaled from some r e p r e s e n t a t i v e  a i rcraf t  s i z e  and ope ra t ing  
cond i t ions ;  i n i t i a l  shape of  the  exhaust  plume, which can be  achieved by appro- 
pr ia te  nozz le  p re s su re  r a t i o ,  depending on the  gas s p e c i f i c  heat r a t i o ;  and j e t  
v e l o c i t y ,  which was i n i t i a l l y  achieved by us ing  helium as  t h e  j e t  gas. 

The helium nozz le  geometr ic  characterist ics were determined from t h e  r a t i o  
o f  t h e  model wing r e f e r e n c e  area t o  a f u l l - s i z e d  aircraft  w i t h  a r e fe rence  area 
o f  836 m2. The a i rcraf t  engine was assumed t o  be a t u r b o j e t  w i t h  a s t a t i c  sea- 
l e v e l  a i r f l o w  of 408.15 kg/sec. 
ope ra t ing  a t  a Mach number o f  2.0 a t  an a l t i t u d e  o f  approximately 19 800 m where 
the  engine a i r f l o w  rate would be 86.16 kg/sec. The scaled gas mass flow rate is 
0.01417 kg/sec f o r  t he  engine s imula to r  u s ing  helium. I n  a d d i t i o n  t o  t he  scaled 
mass flow rate, t h e  nozz le  was designed t o  produce the  same i n i t i a l  plume shape 
as  t h a t  o f  a t u r b o j e t  engine.  I n  r e fe rence  7 ,  data are presented t h a t  show the  
nozz le  p re s su re  r a t i o  r equ i r ed  f o r  co ld  a i r  (y = 1.4) t o  produce the  same i n i t i a l  
plume shape as f o r  an a f t e r b u r n i n g  t u r b o j e t  (y = 1.27).  A l i n e a r  v a r i a t i o n  o f  
nozz le  pressure  r a t i o  was assumed; and f o r  helium (y = 1.661, t he  r equ i r ed  noz- 
z l e  p res su re  r a t i o  a t  M = 2.0 is  21.4. 
assuming t h a t  the  flow should expand t o  a va lue  t h a t  was twice the  free-stream 
s ta t ic  p res su re  a t  the  e x i t  face. The wind-tunnel s ta t ic  p res su re  was assumed 
t o  be 16.547 kPa, whereas t h e  r e s e r v o i r  temperature  f o r  the  gas supply was 
assumed t o  be room temperature  (294.44 K). Under these cond i t ions ,  the  volume 
flow rate a t  t h e  e x i t  face was c a l c u l a t e d  t o  be 0.1015 m3/sec. 

It was f u r t h e r  assumed t h a t  t h e  aircraft  w a s  

The nozz le  e x i t  s i z e  was determined by 

However, the  wind-tunnel tests us ing  helium as the  j e t  gas were conducted 
w i t h  a wind-tunnel t e s t - s e c t i o n  s ta t ic  p res su re  o f  11.059 kPa. The volume flow 
rate a t  t h e  e x i t  face f o r  helium a t  t h e  des ign  nozz le  p re s su re  r a t i o  was t h u s  
0.1308 m3/sec. 

The a i r  nozz le ,  which was designed subsequent t o  t he  helium gas tests, was 
based on the  fol lowing parameters.  The volume flow rate a t  t h e  e x i t  face was 
0.1308 m3/sec to  match the  a c t u a l  helium j e t  test  cond i t ions  w i t h  a free-stream 



stat ic  p res su re  o f  11.059 kPa. 
i n i t i a l  plume shape (from ref.  5) w a s  15.4, and the  j e t  flow was assumed t o  expand 
t o  a va lue  t h a t  was twice the  free-stream stat ic  p res su re  a t  t h e  e x i t  face. The 
gas r e s e r v o i r  was again  assumed t o  be a t  room temperature .  

The r equ i r ed  nozz le  p re s su re  r a t i o  t o  match the  

1431 0.1323 
1514 .2011 
1551 .2566 
1574 .3050 

TEST CONDITIONS 

.- -. . 

Plume 1 v j ,  -1-  w/p, 1 Plume 
d i a m e t e r ,  m/sec m3/sec d i a m e t e r ,  

1.08 
1.30 
1.45 
1.57 

cm cm 

. lo42  1.48 

.1393 1.68 

The tests were conducted i n  the  Langley 4-fOOt supersonic  p re s su re  tunne l  a t  
a Mach number o f  2.0.  Tunnel t o t a l  p re s su re  was 87.356 kPa and t o t a l  temperature  
was 316.67 K .  
i n  the  t e s t  s e c t i o n  was computed t o  be 535.79 m/sec. Angle o f  attack was var i ed  
from -20 t o  80 f o r  a l l  the  test  conf igu ra t ions .  The helium jet-f low tests were 
conducted f o r  nozz le  p re s su re  r a t i o s  o f  1 ( j e t  o f f ) ,  16,  32,  and 48. The a i r  jet- 
flow tests us ing  the  helium nozz le s  were conducted f o r  nozz le  p re s su re  r a t i o s  of  
1 ,  16,  32,  48, and 64. For t he  a i r  je t - f low t e s t s  us ing  the  a i r  nozz le ,  t he  max- 
i m u m  nozz le  p re s su re  r a t i o  was l i m i t e d  t o  32 by the  s i z e  of  the  supply l i n e s .  
Some o f  the  t h e o r e t i c a l  j e t - f low parameters f o r  i s e n t r o p i c  f u l l y  expanded flow 
are presented i n  table I. 

Reynolds number was 9.84 X IO6 per  meter. The free-stream v e l o c i t y  

TABLE I.- THEORETICAL JET FLOW CONDITIONSl ISENTROPIC, FULLY EXPANDED 

[ A l l  t h e o r e t i c a l  je t  d a t a  are based  on a je t  t o t a l  t e m p e r a t u r e  of 294 K .  
tes ts ,  j e t  t o t a l  t e m p e r a t u r e  v a r i e d  between 286 K and  299 K .  
je t  t o t a l  t e m p e r a t u r e  v a r i e d  between 286 K and  297 K.] 

F o r  t h e  h e l i u m  
F o r  t h e  a i r  tests, 

- 

P t  j, 
k6a 

172.37 
344.74 
517.10 
689.47 

I 

A i r  gas; a i r  n o z z l e  

Plume 

586 0.2209 

628 .4840 
609 .3620 

The range of  je t -on nozz le  p re s su re  r a t i o s  va r i ed  from near  the  des ign  p o i n t  t o  
w e l l  above i t .  Thus, t he  effects of  some v a r i a t i o n  i n  j e t  v e l o c i t y  and consider-  
able v a r i a t i o n  i n  volume flow rate could be evaluated for t he  va r ious  nozz le  and 
gas combinations.  Note t h a t  f o r  helium, t h e  maximum j e t  v e l o c i t y  was n e a r l y  three 
times the  tunne l  free-stream v e l o c i t y ,  whereas f o r  a i r  the  maximum je t  v e l o c i t y  
was only about  20 percent  greater than the  tunne l  free-stream v e l o c i t y .  

Contamination o f  the  tunne l  airstream dur ing  the  helium tests w a s  of major 
concern.  
one ang le  o f  at tack, the  tunne l  was operated f o r  approximately 30 min w i t h  m a x i -  
mum exchange o f  a i r .  
mass spectrometer .  
2 percen t  and data from r u n s  t ha t  were found t o  exceed t h a t  l i m i t  were n o t  used. 

Between each run ,  c o n s i s t i n g  of a range o f  nozz le  p re s su re  r a t i o s  a t  

After two r u n s ,  a tunne l  a i r  sample was analyzed w i t h  a 
The maximum contaminat ion a l lowable  w a s  a r b i t r a r i l y  se t  a t  
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PRESENTATION OF RESULTS 

The. r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are shown i n  the  fo l lowing  f i g u r e s :  

I 

Figure  
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l o n g i t u d i n a l  aerodynamic characterist ics o f  wing. 
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Helium gas; 

Effect o f  n a c e l l e  c a n t  and nozz le  p re s su re  r a t i o  on l o n g i t u d i n a l  
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l o n g i t u d i n a l  aerodynamic characterist ics of  wing. A i r  gas; 
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DISCUSSION OF RESULTS 

Details o f  t h e  j e t  plume downstream of  t h e  nozz le  e x i t  are shown i n  f i g u r e  4 .  
Some of  t h e  t h e o r e t i c a l  characterist ics of  the  plume as a func t ion  of  nozz le  pres-  
s u r e  r a t i o  are shown i n  f i g u r e  4 (a) .  For both gases, t h e  v e l o c i t y  change is  rela- 
t i v e l y  small f o r  a s u b s t a n t i a l  v a r i a t i o n  o f  nozz le  p re s su re  r a t i o .  The t h e o r e t i -  
cal plume s izes  i n c r e a s e  about  30 percent  f o r  helium and about  40 percent  f o r  a i r  
over t h e  nozzle  p re s su re  range shown. The s c h l i e r e n  photographs i n  f i g u r e  4 ( a )  
are f o r  the  primary helium nozz le ,  us ing  helium as t h e  j e t  f l u i d ,  and w i t h  t h e  
tunne l  a t  t h e  test ope ra t ing  condi t ions .  The photographs show t h a t  t h e r e  is  a 
r a p i d  expansion of  t h e  plume j u s t  a f t  of  t h e  e x i t  face, and as t h e  plume con t inues  
downstream, i t  grows i n  size t o  about  3 cm (about  3 primary nozz le  e x i t  diameters) 
and the  j e t  plume boundaries  become less wel l -def ined,  probably because of  some 
decay i n  j e t  v e l o c i t y  and mixing w i t h  t h e  tunnel  f low. It can be  seen from t h e  
sketch o f  the  wing-nacelle p r o f i l e  i n  f i g u r e  4 (b )  t h a t  even the  largest plume 
p ic tu red  f o r  a nozz le  p re s su re  r a t i o  o f  48 would s t i l l  pass  above t h e  upper wing 
s u r f a c e  f o r  the s t r a igh t  nozz le s  a t  a = Oo; f o r  a n g l e s  of  at tack greater than Oo, 
the  tunne l  f low would tend t o  t u r n  the plume away from t h e  wing. 
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During c a l i b r a t i o n  o f  t he  a i r  supply system, t h e  primary helium nozz le  i n  
the lower p o s i t i o n  was opera ted  a t  va r ious  j e t  p re s su res  w i t h  t he  tunne l  a i r  f low 
o f f  and t h e  tunne l  a t  ambient p re s su re  and temperature .  No d i s c e r n i b l e  effects 
o f  t h e  j e t  a c t i n g  on t h e  wing were measured under t h e s e  cond i t ions .  It can be 
concluded t h a t  f o r  t h e  primary and extended nozz le s ,  u s ing  e i ther  a i r  o r  hel ium, 
t he  j e t  plume d i d  no t  impinge on the  wing s u r f a c e ;  t h u s ,  it would appear  t h a t  any 
j e t  effects measured on the  wing when t e s t i n g  the  primary or extended nozz le s  
would be p r imar i ly  due t o  i n t e r f e r e n c e  between the  j e t  plume and t h e  wing f low 
f i e l d .  

For t h e  canted nozz le  i n  the  lower p o s i t i o n ,  an ex tens ion  o f  the  nozz le  a x i s  
pas ses  wi th in  1 .5  primary nozz le  e x i t  diameters o f  t he  wing. Thus, f o r  t he  canted  
nozz le  i n  the lower p o s i t i o n ,  the  exhaust  plume might be expected t o  impinge on 
t h e  wing su r face  i f  it is unaf fec ted  by the  tunne l  free stream and the  wing flow 
f i e l d .  For the  a i r  nozz le ,  the  plume is larger than t h a t  f o r  t he  helium nozz le s  
t o  main ta in  a similar volume flow rate ,  and the  undis turbed  plume may have impinged 
on t h e  upper wing s u r f a c e ,  p a r t i c u l a r l y  from the  lower n a c e l l e  p o s i t i o n .  

The effects  of  t h e  canard ,  flow-through n a c e l l e ,  and primary helium nozz le  
j e t  s imula to r  ( j e t  o f f )  on t h e  wing are shown i n  f i g u r e  5. A t  ang le s  o f  at tack 
below O o ,  t h e  canard and n a c e l l e  components produce an upwash over  t he  wing. The 
effect  of  t h e  upwash on the  t w i s t e d  and cambered wing is t o  i n c r e a s e  l i f t  and 
produce a t h r u s t  component on t h e  wing, which reduces  drag. The i n c r e a s e  i n  lift 
is s l i g h t l y  greater for the  lower canard p o s i t i o n  whereas the  decrease i n  drag is  
greater f o r  t he  upper canard p o s i t i o n .  A t  a n g l e s  o f  a t t a c k  above 0°, t h e  canard 
and n a c e l l e  components produce a downwash over t he  wing which reduces l i f t  and 
i n c r e a s e s  drag due t o  l i f t  because o f  an adverse effect  on the  wing l ift d i s t r i b u -  
t i o n .  These e f f e c t s  were larger f o r  the  lower canard p o s i t i o n .  

The p i t c h i n g  moment n e a r  ze ro  l i f t  increased  because o f  both upper and lower 
canard i n s t a l l a t i o n s .  For t h e  lower canard p o s i t i o n ,  t h e  wing c e n t e r  of l ift 
moved s l i g h t l y  a f t ,  w i t h  a consequent i n c r e a s e  i n  t h e  s t a b i l i t y  l e v e l .  The 
s l i g h t  pitch-up tendency of  t h e  wing a lone  a t  the  highest  l i f t  c o e f f i c i e n t s  w a s  
somewhat modified by t h e  canard and n a c e l l e  components i n  both the  upper and lower 
p o s i t i o n s .  

Helium 

The effect of  t h e  helium j e t  flow from the  upper p o s i t i o n  f o r  the  primary, 
extended,  and canted nozz le s  is shown i n  f i g u r e  6.  
r a t i o  a t  a l l  ang le s  o f  attack r e s u l t e d  i n  s l i g h t  decreases i n  l i f t  and s l i g h t  
i n c r e a s e s  i n  p i t c h i n g  moment. A t  t he  higher a n g l e s  o f  attack, drag decreased 
s l i g h t l y  wi th  inc reased  nozz le  p re s su re  r a t i o .  However, when pitching-moment and 
drag c o e f f i c i e n t s  are p l o t t e d  a g a i n s t  l i f t  c o e f f i c i e n t ,  as shown i n  f i g u r e  6 ,  t h e  
r e s u l t  o f  t h e  l i f t  l o s s  is an  i n c r e a s e  i n  d rag  and a decrease i n  p i t c h i n g  moment 
w i t h  inc reas ing  nozz le  p re s su re  r a t i o .  The (L/DImax was decreased about  4 per- 
c e n t  by ope ra t ion  o f  t he  helium je t  a t  a nozz le  p re s su re  r a t i o  near  the des ign  
p res su re  r a t i o  o f  21. 
extended, and canted nozz le s  f o r  t h e  lower p o s i t i o n ,  shown i n  f i g u r e  7, were 
e s s e n t i a l l y  the  same as those  f o r  t h e  upper p o s i t i o n .  

Inc reas ing  the  nozz le  p re s su re  

The effects of vary ing  nozz le  p re s su re  r a t i o  f o r  pr imary,  
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The effect o f  v e r t i c a l  n a c e l l e  p o s i t i o n  and nozz le  p re s su re  r a t i o  is shown 
i n  figure 8. The data are for a = 2 O  which is nea r  t h e  angle  o f  attack f o r .  
(L/D)max. 
e s s e n t i a l l y  cons t an t  w i t h  changes i n  nozz le  p re s su re  r a t i o .  For t h i s  ang le  o f  
attack, Cm and CD show l i t t l e  v a r i a t i o n  w i t h  i n c r e a s i n g  nozz le  p re s su re  r a t i o ,  
whereas CL decreases s l i g h t l y .  For the upper p o s i t i o n ,  CL is  c o n s i s t e n t l y  
greater and 
t i o n  data. Note t h a t  these d i f f e r e n c e s  are due t o  t he  canard-nacel le  l o c a t i o n  
r e l a t i v e  t o  the  wing and are no t  due t o  j e t  effects. 

The increments  i n  t he  data f o r  t he  upper and lower p o s i t i o n s  are 

CD is c o n s i s t e n t l y  less than  t h a t  f o r  t h e  corresponding lower posi-  

A comparison between the  primary and extended helium nozz les  f o r  va r ious  noz- 
z l e  p re s su re  r a t i o s  is shown i n  f i g u r e  9.  The extended nozz le  was included i n  the  
test program t o  determine whether there was any s e n s i t i v i t y  t o  changes i n  the  lon- 
g i t u d i n a l  p o s i t i o n  o f  t h e  j e t .  
f o r  the  primary and extended nozz les  i n  e i ther  the  upper or lower p o s i t i o n .  

There was e s s e n t i a l l y  no d i f f e r e n c e  i n  the  data 

The effect o f  nozz le  c a n t  is shown i n  f i g u r e  10. The nozz le  was angled so 
t h a t  t he  j e t  plume would pass c l o s e r  t o  t h e  upper s u r f a c e  of  the  wing. 
a s l i g h t l y  greater .decrease i n  l i f t  c o e f f i c i e n t  a t  t he  higher nozz le  p re s su re  
r a t i o s  and a consequent decrease i n  L/D, there was e s s e n t i a l l y  no d i f f e r e n c e  i n  
t he  data from t h e  tests o f  t h e  canted and primary nozz le s .  

Except f o r  

For t h e  canted nozzle  i n  the  lower p o s i t i o n ,  where t h e  plume was expected t o  
impinge on the  wing, these r e s u l t s  i n d i c a t e  t h a t  t he  d i rec t  effect  of  t h e  plume 
on t h e  w i n g  was n e g l i g i b l e  or t h a t  the tunne l  free stream and wing flow f i e l d  
turned the  plume so t h a t  it d i d  not  impinge on the  wing su r face .  

A i r  

Because contaminat ion of  the  tunne l  airstream w i t h  helium was a problem, and 
because of t he  c o s t  o f  helium, the  effects  of  s u b s t i t u t i n g  a i r  f o r  helium as the  
j e t  f l u i d  were i n v e s t i g a t e d .  A i r  blowing tests were conducted by us ing  the  p r i -  
mary and extended helium nozz les  and by us ing  a nozz le  designed f o r  a i r .  
effect on the  wing o f  t he  va r ious  nozz le s  us ing  a i r  f o r  t h e  j e t  exhaust  f o r  t h e  
upper p o s i t i o n  is shown i n  f i g u r e  11 .  The g r o s s  effects  f o r  a i r  i n  t h e  helium 
nozz le s  are smaller than those  f o r  the helium gas data i n  f i g u r e  6 .  There is a 
very s l i gh t  decrease i n  l i f t  w i t h  i n c r e a s i n g  nozz le  p re s su re  r a t i o s ;  however, t he  
drag decrease noted i n  the  helium gas data a t  large va lues  o f  l i f t  c o e f f i c i e n t  
does not  appear  i n  t he  a i r  je t  data. A s  a consequence, the  v a r i a t i o n s  of L/D 
w i t h  nozz le  p re s su re  r a t i o  and l i f t  c o e f f i c i e n t  are similar f o r  both helium and 
a i r .  The r e s u l t s  for the  a i r  nozz le  ( f i g .  I l ( c ) ) ,  which had the  highest  flow rate 
and largest plume diameter o f  the nozz le s  tested (see tab;le I and f ig .  41, are 
similar t o  t h e  r e s u l t s  f o r  a i r  i n  t he  helium nozz le s  a l though o f  greater magni- 
tude .  The (L/D)max was decreased about  6 percent  by the  a i r  j e t  ope ra t ing  a t  a 
nozz le  p re s su re  r a t i o  near  the  design p res su re  r a t i o  o f  15. 

The 

Data f o r  a i r  je t  flow i n  the  lower p o s i t i o n  are shown i n  f i g u r e  12. The 
v a r i a t i o n  of  the data w i t h  changes i n  nozz le  p re s su re  r a t i o  is  much t h e  same as 
t h a t  f o r  the  da ta  for the  upper p o s i t i o n ,  a l though smaller i n  magnitude; 
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A comparison o f  t h e  a i r  je t  data f o r  the  upper and lower n a c e l l e  p o s i t i o n s  
f o r  an ang le  o f  a t t a c k  o f  20 is shown i n  f i g u r e  13. 
mary nozz le ,  t h e  increments  between t h e  data f o r  upper and lower p o s i t i o n s  are 
e s s e n t i a l l y  cons t an t  f o r  t h e  va r ious  nozz le  p re s su re  r a t i o s ;  t h u s ,  t h e  d i f f e r e n c e  
is due t o  t h e  p o s i t i o n  o f  t h e  canard n a c e l l e  r a t h e r  than t h e  p o s i t i o n  o f  t h e  je t  
r e l a t i v e  t o  t h e  wing. The a i r  nozz le  data i n  f i g u r e  13(b)  show a s l i g h t  effect of  
t he  p o s i t i o n  o f  t h e  j e t ,  t h e  drag f o r  t h e  upper n a c e l l e  p o s i t i o n  i n c r e a s i n g  more 
r a p i d l y  wi th  i n c r e a s i n g  nozz le  p re s su re  r a t i o  than t h a t  f o r  t h e  drag f o r  t h e  lower 
p o s i t i o n .  

I n  f i g u r e  13(a),  f o r  t h e  p r i -  

Comparison o f  A i r  and H e l i u m  as Exhaust Gas Simula tors  

The effect o f  t h e  type  o f  j e t  gas used on t h e  wing aerodynamic c h a r a c t e r i s t i c s  
is shown i n  f i g u r e  14 as a func t ion  o f  nozz le  p re s su re  r a t i o .  These data are aga in  
f o r  CY = 2O, which is nea r  t h e  ang le  o f  a t t a c k  f o r  (L/DImax. Only minor changes 
occurred i n  t h e  wing aerodynamic c h a r a c t e r i s t i c s  because of  t h e  swi tch ing  from 
helium t o  a i r  as t h e  j e t  gas f o r  t h e  upper p o s i t i o n  and these changes were even 
less pronounced f o r  the  lower p o s i t i o n .  The changes t h a t  d i d  occur can be a t t r i b -  
u ted  t o  a combination o f  t h e  j e t  v e l o c i t y  d i f f e r e n c e  and a d i f f e r e n c e  i n  plume s i z e  
which is d i r e c t l y  related t o  volume flow rate. An eva lua t ion  of  t h e  effect  o f  vol-  
ume flow rate can be  made by comparing t h e  data f o r  t h e  primary nozz le  and t h e  a i r  
nozzle  i n  f i g u r e  14,  both us ing  a i r  as  the  j e t  gas, because f o r  any nozz le  p re s su re  
r a t i o ,  both nozz le s  have t h e  same t h e o r e t i c a l  v e l o c i t y .  The primary effects  asso- 
ciated wi th  t h e  h igher  volume flow rate (larger plume s i z e )  of the  a i r  nozz le  are 
an i n c r e a s e  i n  wing drag ( r e s u l t i n g  i n  a l o s s  i n  L/D)  and an i n c r e a s e  i n  nega t ive  
p i t c h i n g  moment. 

The e f fec t  of  j e t  v e l o c i t y  on t h e  wing aerodynamic c h a r a c t e r i s t i c s  from t h e  
upper n a c e l l e  p o s i t i o n  is shown i n  f i g u r e  15. The d a t a  are e x t r a c t e d  from f ig-  
u r e  I 4 ( a )  by us ing  the  t h e o r e t i c a l  j e t  plume data from f i g u r e  4 (a ) .  The scales 
i n  f i g u r e  15 are g r e a t l y  expanded f o r  c l a r i t y .  
t h e  f i g u r e  r e p r e s e n t  data f o r  t h e  primary nozzle  us ing  helium, whereas t h e  symbols 
on t h e  l e f t  s ide  of  t he  f i g u r e  r e p r e s e n t  data f o r  t h e  primary nozz le  us ing  a i r .  
Each p a i r  of  symbols shows t h e  effect  o f  a change i n  j e t  v e l o c i t y ,  plume diameter 
being he ld  cons t an t .  The effects  of  i nc reas ing  j e t  v e l o c i t y  a t  cons t an t  plume 
diameter inc lude  a r educ t ion  i n  nega t ive  p i t c h i n g  moment and a decrease i n  l i f t  
and drag, wi th  a n e t  l o s s  i n  L/D. With t h e  except ion o f  drag, t h e  effects  of  
increased  j e t  v e l o c i t i e s  are magnified as plume diameter is  inc reased ,  as  ind i -  
cated by t h e  s t e e p e r  s l o p e s  of  t he  l i n e s  connect ing t h e  data p o i n t s  f o r  t h e  larger 
plume diameters. 

The symbols on t h e  r i g h t  s i d e  of 

CONCLUDING REMARKS 

Forces  and moments were measured on a twi s t ed  and cambered wing a t  a Mach 
number o f  2.0 i n  the  presence o f  a t u r b o j e t  exhaust s imula to r ,  u s ing  both helium 
and a i r ,  blowing above t h e  upper s u r f a c e  o f  t h e  wing. Because the  je t  plume d i d  
not  impinge t h e  wing s u r f a c e  dur ing  most o f  t h e  tests, t h e  primary effects mea- 
sured on t h e  wing were due t o  i n t e r f e r e n c e  between t h e  j e t  plume and t h e  wing 
flow f i e l d .  
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The jet-off effect of  t he  canard and n a c e l l e  components w a s  t o  produce an 
upwash on the  wing f o r  ang le  o f  a t t a c k  a 
drag. Above a = Oo, the  downwash produced by the canard and n a c e l l e  components 
reduced l i f t  and inc reased  drag due t o  l i f t .  

of 00, which i n c r e a s e s  l i f t  and reduces  

For the je t -on tests, t h e  effect of  i n c r e a s i n g  t h e  nozz le  p r e s s u r e  r a t i o  was 
a reduc t ion  in .  maximum l i f t -drag r a t i o  
r equ i r ed  t o  match the  t u r b o j e t  exhaust  plume shape (approximately 15 f o r  a i r  and 
21 f o r  he l ium) ,  bo th  gases had similar effects on t h e  wing aerodynamic cha rac t e r -  
i s t i c s ;  as a r e s u l t ,  t h e r e  was a l o s s  i n  of  about  4 percent  f o r  helium 
and 6 pe rcen t  f o r  a i r ,  r e l a t i v e  t o  t h e  j e t - o f f  data. 
g i t u d i n a l ,  v e r t i c a l ,  or angu la r  p o s i t i o n  of  t he  j e t  r e l a t i v e  t o  the  wing had l i t t l e  
effect on the  wing aerodynamic c h a r a c t e r i s t i c s .  

(L/D)max. For nozzle  p re s su re  r a t i o s  

(L/D),, 
Moderate changes i n  the  lon- 

For an ang le  of  attack of 2 O  (nea r  t h a t  f o r  (L/Dlmax) ,  the  effects of 
i n c r e a s i n g  volume flow rate ( inc reased  plume s i z e )  a t  cons t an t  v e l o c i t y  were an 
i n c r e a s e  i n  wing drag, e s s e n t i a l l y  no change i n  l i f t ,  and a decrease i n  p i t c h i n g  
moment. 
reduced drag and lift and produced a n e t  l o s s  i n  L/D. 

I nc reas ing  j e t  v e l o c i t y ,  w i t h  t he  j e t  plume diameter he ld  c o n s t a n t ,  

Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
September 2 ,  1977 
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S e m i s p a n  w i n g  

2 1  
,/ T u n n e l  s t i n g J  0 ------/ 

( a>  Test r i g  i n  tunne l .  Upper s u r f a c e  of s p l i t t e r  p l a t e  
i s  p a r a l l e l  t o  t unne l  f low. 

~- 

W i n g  u p p e r  s u r f a c e  

J e t - f l o w  m o d e l  7 ; 

4 T O  h i g h  p r e s s u r e  

L W i n g  s t u b  
I F a s t e n e d  t o  b a l a n c e )  L S t r a i n - g a g ;  b a l a n c e  

( b )  Plate-balance-model de t a i l s .  

F igu re  1.- Sketch of test  se tup .  A l l  dimensions are i n  cen t ime te r s .  
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Figure 2.- Sketch of wing model. A l l  dimensions are i n  centimeters.  



1.143- 

C a n a r d  

1 7 . 7 8 0 7 T o t a l  p r e s s u r e  t u b e  
5 . 0 8 0  1 

J e t - f l o w  m o d e l  

F l o w - t h r o u g h  n a c e l l e  

2 . 5 4 0  D , 9 7 8  D 

P r i m a r y  n o z z l e  
T h i s  s e c t i o n  of  n o z z l e  i s  i d e n t i c a l  

on t h e  c a n t e d  a n d  e x t e n d e d  n o z z l e s  

1 2 . 5 4 0  

E x t e n d e d  n o z z l e  

6 . 8 5 8  

1 

C a n t e d  n o z z l e  

Figure  3 . -  Details o f  canard,  flow-through n a c e l l e ,  and j e t  flow model. 
All dimensions are i n  cent imeters .  



(a )  Schl ieren photographs of  primary nozzle helium je t  exhaust plume. Wing not  i n s t a l l e d .  

E x t e n d e d  nozz le  a x i s  f o r  p r i m a r y ,  extended,  a n d  a i r  n o z z l e s  

(b) P r o f i l e  sketch of model i n s t a l l a t i o n  showing extended nozzle axes.  V i e w  is  normal t o  s p l i t t e r  
p l a t e ,  looking outboard. A l l  l i n e a r  dimensions are i n  cent imeters .  

Figure 4.- Jet exhaust downstream of nozzle e x i t .  
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l u m e  
i m e t e r ,  
c m  

P t  . j'p,,, 
(c)  Theore t i ca l  j e t  v e l o c i t y  and plume diameter as a func t ion  

of nozz le  p re s su re  r a t i o ,  f u l l y  expanded flow. 

F igure  4 . -  Concluded. 
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a, d e !  

(a) Upper position. 

Figure 5.- Effect of canard, flow-through nacelle, and primary nozzle, jet off, 
on longitudinal aerodynamic characteristics of wing. 

17 



18 

(a> Concluded. 

Figure  5.- Continued. 
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(b) Lower positions. 

Figure 5.- Continued. 
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(b) Concluded. 

F igure  5.- Concluded. 
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(a> Primary nozzle. 

Figure 6.- Effect of helium jet flow on longitudinal aerodynamic 
characteristics of wing. Upper nacelle position. 
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( a) Concluded. 

Figure 6.- Continued. 



(b) Extended nozzle. 

Figure 6.- Continued. 
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( b) Concluded. 

Figure 6.- Continued. 
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( c >  Canted nozzle. 

Figure 6.- Continued. 
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(c) Concluded. 

Figure 6.- Concluded. 
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(a) Primary nozzle. 

Figure 7.- Effect of helium jet flow on longitudinal aerodynamic 
characteristics of wing. Lower nacelle position. 
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(a> Concluded. 

Figure 7.- Continued. 
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(b) Extended nozzle. 

Figure 7.- Continued. 
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(b) Concluded. 

Figure 7.- Continued. 
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( c >  Canted nozz le .  

F igure  7.- Continued. 
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( c Conc luded . 
Figure  7. - Concluded. 
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Figure  8.- Effect of v e r t i c a l  n a c e l l e  p o s i t i o n  and nozz le  p re s su re  r a t i o  on 
l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of wing. Helium gas; a = 2O. 
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( a>  Upper p o s i t i o n .  

F igure  9.- Effect of l o n g i t u d i n a l  n a c e l l e  p o s i t i o n  and nozzle  p re s su re  r a t i o  on 
l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of wing. Helium g a s ;  a = 2O.  
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(b) Lower pos i t ion .  

Figure 9 . -  Concluded. 
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(a> Upper p o s i t i o n .  

F igure  10.- Effect o f  n a c e l l e  can t  and nozz le  p re s su re  r a t i o  on l o n g i t u d i n a l  
aerodynamic c h a r a c t e r i s t i c s  o f  wing. Helium gas; a = 2O. 
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(b) Lower p o s i t i o n .  

F igure  10.- Concluded. 
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(a> Primary nozzle. 

Figure 11.- Effect of air jet flow on longitudinal aerodynamic 
characteristics of wing. Upper nacelle position. 
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(a) Concluded. 

F igure  11.- Continued. 
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(b) Extended nozz le .  

F igu re  11.-  Continued. 
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Figure  11.  - Continued. 
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( c )  A i r  nozz le .  

F igure  11.-  Continued. 
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Figure  1 1 . -  Concluded. 
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a, de 

(a> Primary nozzle. 

Figure 12.- Effect of air jet flow on longitudinal aerodynamic 
characteristics of wing. Lower nacelle position. 
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(a) Concluded. 

Figure 12.- Continued. 
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(b) Extended nozz le .  

F igure  12.- Continued. 
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( b )  Concluded. 

F igure  12.- Continued. 
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( c )  A i r  nozz les .  

F igure  12.- Continued. 
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( c 1 Conc l u d e d  . 
F i g u r e  12.- Concluded .  
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( a >  Primary nozz le .  

F igure  13.-  Effect of v e r t i c a l  n a c e l l e  p o s i t i o n  and nozz le  p re s su re  r a t  
l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of wing. A i r  gas; ci = 2O 
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(b) A i r  nozz le .  

F igu re  13. - Concluded. 
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( a >  Upper p o s i t i o n .  

F i g u r e  14.- Effect o f  gas t y p e  and n o z z l e  p r e s s u r e  r a t i o  on l o n g i t u d i n a l  
ae rodynamic  c h a r a c t e r i s t i c s  o f  wing.  a = 2O. 
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(b) Lower position. 

Figure  14.- Concluded. 
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J e t  v e l o c i t y ,  m l s e c  

Figure  15.- Var ia t ion  of l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of wing 
wi th  t h e o r e t i c a l  j e t  v e l o c i t y .  ci = 2 O ;  upper p o s i t i o n .  
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